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Summary 
The plasma concentrations of 25-OH-D, 1,25-(OH)2-D, ionized (iCa) and total calcium (tCa) 
were determined in gentoo penguins (Pygoscelis papua) under three different housing 
conditions: 1. without ultraviolet (UV) light, with supplementation of 1000 IU vitamin D per 
animal and day (study period D), 2. without UV-light, without supplementation of vitamin D 
(Baseline), 3. with UV-light, without supplementation of vitamin D (UVB). The vitamin D 
contents of fish were measured by high performance liquid chromatography and varied between 
fish species and between facilities. The average vitamin D intake per animal and day without 
supplementation were 130 IU (25.5 IU/kg body weight BW) at facility 1, and 2454 IU (438.2 
IU/kg BW) at facility 2. The supplementation of vitamin D significantly elevated the plasma 
concentrations of 25-OH-D by an intra-individual difference of 15 (range -2–59) nmol/l and 
tCa by 0.1 (0.0–0.3) mmol/l only at facility 2. The exposure to UV-light raised the blood 
concentrations of tCa at facility 2 by 0.15 (0.1–0.2) mmol/l, and of iCa and tCa for females at 
facility 1 by 0.23 (0.13–0.41) mmol/l and 1.8 (1.1–2.5) mmol/l, respectively. No significant 
influence was found for the concentrations of 1,25-(OH)2-D. 
 
Keywords:  penguin, UVB, vitamin D, fish feeding, indoor housing 
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Zusammenfassung 
In Eselspinguinen (Pygsoscelis papua) wurden die Plasmakonzentrationen von 25-OH-D, 1,25-
(OH)2-D, ionisiertem Kalzium (iCa) und Totalkalzium (tCa) nach drei verschiedenen Haltungs-
bedingungen gemessen: 1. ohne Ultraviolett (UV)-Licht, mit Supplementierung von 1000 IU 
Vitamin D pro Tier und Tag (Studienphase D), 2. ohne UV-Licht, ohne Supplementierung von 
Vitamin D (Ausgangswerte), 3. mit UV-Licht, ohne Supplementierung von Vitamin D (UVB). 
Die Vitamin D-Gehalte der Fische wurden mittels Hochleistungsflüssigkeitschromatographie 
bestimmt. Sie unterschieden sich zwischen den Fischarten wie auch zwischen den zoologischen 
Einrichtungen. Die durchschnittliche Vitamin D-Aufnahme pro Tier und Tag ohne 
Supplementierung betrug 130 IU (25.5 IU/kg Körpergewicht KG) in Einrichtung 1 und 2454 
IU (438.2 IU/kg KG) in Einrichtung 2. Die Supplementierung von Vitamin D erhöhte 
signifikant die Plasmakonzentrationen von 25-OH-D um eine intra-individuellen Differenz von 
15 (Range -2–59) nmol/l und tCa um 0.1 (0.0–0.3) mmol/l in Einrichtung 2. Die Bestrahlung 
mit UV-Licht erhöhte die Plasmakonzentrationen von tCa in Einrichtung 2 um 0.15 (0.1–0.2) 
mmol/l, und von iCa und tCa in Weibchen der Einrichtung 1 um 0.23 (0.13–0.41) mmol/l 
respektive 1.8 (1.1–2.5) mmol/l. Auf die Plasmakonzentrationen von 1,25-(OH)2-D wurde kein 
signifikanter Einfluss gefunden. 
 
Schlüsselwörter: Pinguin, UVB, Vitamin D, Fischfütterung, Innenhaltung 
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Abstract 
In the present study the effect of ultraviolet (UV) light and dietary vitamin D on calcium 
metabolism in permanently indoor housed gentoo penguins (Pygoscelis papua) was 
investigated. The study consisted of three periods, each completed with blood samples to 
analyse plasma concentrations of 25-OH-D, 1,25-(OH)2-D, ionized (iCa) and total calcium 
(tCa). During the first study period (D) animals were housed under routine conditions without 
UV-light and fed a diet of different fish species, supplemented with 1000 IU vitamin D per 
animal and day. The following study period (Baseline) of 28 days duration consisted of the 
same diet without any vitamin D supplementation and without UV-light. During the study 
period (UVB), artificial UV-light was added for 3 weeks. The vitamin D content of fish were 
measured by high performance liquid chromatography. It varied between fish species and 
between facilities, ranging from no measurable content in capelin (Mallotus villosus) to 7340 
IU vitamin D/kg original matter (OM) in herring (Clupea spp). The average dietary vitamin D 
content was 311 IU/kg OM at facility 1 and 6325 IU/kg OM at facility 2, resulting in a vitamin 
D intake per animal and day without supplementation of 130 IU (25.5 IU/kg body weight BW) 
and 2454 IU (438.2 IU/kg BW), respectively. The supplementation of vitamin D elevated 
significantly the plasma concentrations of 25-OH-D by an intra-individual difference of 15 
(range -2–59) nmol/l and tCa by 0.1 (0.0–0.3) mmol/l only at facility 2. The exposure to UV-
light raised the blood concentrations of tCa at facility 2 by 0.15 (0.1–0.2) mmol/l, and of iCa 
and tCa for females at facility 1 by 0.23 (0.13–0.41) mmol/l and 1.8 (1.1–2.5) mmol/l, 
respectively. No significant influence of the study periods (D) and (UVB) was found for the 
concentrations of 1,25-(OH)2-D at both facilities. 
 
Keywords:  Penguin, UVB, calcidiol, calcitriol, fish feeding, indoor housing, metabolic bone 
disease 
 
 
 
 
 
 6 
 
Introduction 
Captive gentoo penguins (Pygoscelis papua) are mainly housed in indoor facilities for 
infectious disease prophylaxis and to provide adequate colder climatic conditions as found in 
their natural circumpolar habitat. The disadvantage of indoor housing is the lack of natural 
sunlight and thus lack of ultraviolet (UV) B-light (280–315 nm), which is known to have an 
influence on vitamin D and calcium metabolism in various avian species (Lupu and Robins, 
2013; Schaftenaar and van Leeuwen, 2015; Stanford, 2006b; Woodhouse and Rick, 2016).  
Birds can absorb vitamin D3 (cholecalciferol) from the diet or synthesise it endogenously in a 
UVB-light dependant reaction in the skin. The best indicator of an animal’s vitamin D status 
and its UVB exposure is the blood concentration of 25-OH-D3 (calcidiol), which has a long 
half-life time of 2 to 3 weeks (Garcia et al., 2013). Its synthesis in the liver is fast, rarely 
regulated and not influenced by calcium or phosphorus plasma levels. In the kidney, 25-OH-D3 
is hydroxylated into 1,25-(OH)2-D3 (calcitriol), one of the most active metabolites, which has 
a short half life time of 6–8 hours (Garcia et al., 2013). This reaction is regulated tightly by 
calcium and parathyroid hormone (PTH) levels, growth hormone, prolactin and oestrogen as 
well as by negative feedback. The major role of vitamin D metabolites is the regulation of the 
calcium metabolism together with PTH and calcitonin, but they can also affect the immune 
system, the skin or tumour cells (Lumeij, 1994; Matos, 2008; Shojadoost et al., 2015; Stanford, 
2003, 2006a, b). In birds, about 99 % of body calcium is stored in bones, and 1 % is 
extracellular, either bound to proteins (30–40 %) such as albumin and vitellogenin forming a 
physiological inactive storage pool, or ionized (60–70 %) to the physiological active form (iCa) 
(Lumeij, 1994; Matos, 2008; Stanford, 2006a). Plasma concentrations of total calcium (tCa) are 
affected directly by changes in the concentration of calcium-binding proteins and in the female 
within the reproductive status. In contrast, in poultry iCa levels during the egg-laying period 
are similar to the non-egg-laying period and are maintained within a narrow, species-specific 
range (Matos, 2008; Stanford, 2006a). Hyper- and hypocalcaemia and  hypervitaminosis or 
hypovitaminosis D are reported in various bird species (Nain et al., 2007; Tangredi and Krook, 
1999;  Cousquer et al., 2007; Stanford, 2007; Olds et al., 2015; Woodhouse and Rick, 2016). 
Total calcium levels as high as 9.98 mmol/l (40 mg/dl) can be physiologically observed during 
the egg laying process due to increased oestrogen production and production of calcium-binding 
proteins (Matos, 2008). 
Recommended and toxic levels of dietary vitamin D and required UVB radiation for vitamin 
D3 photoconversion are unknown for most avian species. They likely differ according to 1) the 
 7 
 
original ecological niche of the species, or 2) the UVB radiation in the natural habitat, and are 
influenced by e.g. melanin, feathers and cholesterol (Schaftenaar and van Leeuwen, 2015; Lupu 
and Robins, 2013). Estimates of the vitamin D requirements for bird species differ greatly 
ranging for example from 200–500 IU/kg diet dry matter (DM) for ducks and geese (National 
Research Council USA, 1987) to 2800 IU/kg for broiler chickens (Atencio et al., 2006; Jiang 
et al., 2015). According to the Council of the European Union (1970), a maximal level of 3000 
IU/kg diet for laying hens should not be exceeded. Animals might tolerate vitamin D levels of 
4–10 times the requirement over a long period before suffering from intoxication (National 
Research Council USA, 1987; Crissey et al., 2005). Nevertheless, extrapolating vitamin D 
requirements from poultry to other bird species bears significant dangers. It is suggested that 
birds with adequate exposure to direct sunlight have no requirement for dietary vitamin D 
(Matos, 2008; National Research Council USA, 1987). Vitamin D intoxication due to excessive 
exposure to UVB radiation has not been reported, as cholecalciferol is degraded in a UV-
dependent reaction into inert compounds (Stanford, 2006b). Nevertheless, care should be taken 
with the provision of artificial UVB-light due to other dangers as tissue and DNA damages (eg 
photokeratitis and photodermatitis). 
Although this data scarcity includes penguins, the American Zoo and Aquarium Association 
(AZA) Penguin Taxon Advisory Group (Crissey et al., 2005) suggested that penguins do not 
need calcium or vitamin D supplements, given that the content of calcium in whole fish and 
krill (0.9–6.4 % DM) is higher than the required minimum calcium concentration of 0.8 % DM. 
However, metabolic bone disease (MBD) was reported in captive juvenile Humboldt penguins 
(Spheniscus humboldti) kept indoors (Adkesson and Langan, 2007). To the authors’ knowledge, 
no values for iCa and 1,25-(OH)2-D exist for any species in the order Pygoscelis. 
The object of this study was to investigate the effect of UV-light and dietary vitamin D on 
plasma concentrations of 25-OH-D, 1,25-(OH)2-D, iCa and tCa in gentoo penguins, testing the 
hypothesis that penguins kept indoors need additional UVB-light and / or dietary vitamin D 
supplementation.   
 
Material and Methods 
Animals and housing 
The study was conducted at two different zoological facilities housing gentoo penguins in 
permanent indoor enclosures without measurable UVB-irradiance. Animals at both facilities 
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had no access to natural sunlight. At facility 1, artificial light imitating the seasonal variation in 
the natural habitat was provided, and the light intensity was altered as in nature by clouds. 
Artificial rain was provided regularly. The air temperature was constant at 8 °C, and the water 
temperature at 6 °C during winter and 8.5 °C during summer. At facility 2, artificial light was 
provided during the study period from 0600 to 1800 hours and a machine producing artificial 
ice was running constantly. The air temperature was constant at 10 °C, and the water 
temperature at 7.5 °C. 
The subjects at facility 1 were ten healthy adult gentoo penguins (six males and four females) 
aging from 8 to 18 years (median 9.5 years), and at facility 2 fourteen adult gentoo penguins 
(six males and eight females) aging from 4 to 22 years (median 9 years).  
 
Nutrition and nutritional analysis 
At both facilities, fish were stored at -21 °C for an average of one to two months and thereafter 
defrosted in the cold storage room at 6–8 °C and fed within 24–48 hr. The average diet 
consumed was calculated from the measured total amount of fish fed to the whole group during 
21 days at facility 1 and 11 days at facility 2, respectively, with the presumption that every 
animal ate the same amount of each fish species (Table 1). Both facilities fed twice a day, while 
facility 2 inserted a fasting day every week. Penguins from facility 1 consumed an average of 
418 g fish per animal and day with an individually fed vitamin D supplement (1000 IU/animal 
and day, Aquaminivits, Zoovet Products, West Yorkshire BD21 4NQ, UK), while penguins 
from facility 2 consumed an average of 388 g fish per animal and day with vitamin D 
supplement equally sprinkled over all fishes (1000 IU/animal and day, Mazuri Fish Eater 
Tablets, Claus GmbH, Friedensau 11, 67117 Limburgerhof). At the end of the study, a frozen 
sample of each fish species from facility 1 was sent overnight in a styrofoam box with cooling 
elements to LUFA-ITL GmbH, Kiel, Germany for vitamin D analyses. At the time of the second 
blood sampling, samples of herring and Atlantic mackerel (Scomber scombrus) from facility 2 
were thawed as usual, crushed with a mixer, frozen again, and thereafter sent frozen on dry ice 
to the same laboratory. All samples were analysed on original matter (OM) for vitamin D3 
content by reverse phase high performance liquid chromatography (HPLC) with UV detection 
(method VDLUFA III, 13.8.1), a modification of the standardised method DIN EN 12821 
(Deutsches Institut für Normung (DIN), 2009). After saponification with an alcoholic 
potassium hydroxide solution and extraction with petroleum, the obtained samples were 
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Table 1: Diet composition, vitamin D content of fish species and daily vitamin D intake per gentoo penguin 
(Pygoscelis papua) at two zoological facilities. 
 Facility 1  Facility 2 
 Gram / 
animal / 
daya 
% /  
kg 
diet 
vitamin 
D (IU) / 
kg fishb 
vitamin D 
(IU) / 
animal / 
day 
 Gram / 
animal / 
daya 
% /  
kg 
diet 
vitamin 
D (IU) / 
kg fishb 
vitamin D 
(IU) / 
animal / 
day 
Herring  
(Clupea harengus 
membras)c 
80 19.1 1400 112  152 39.2 7340 1116 
Capelin  
(Mallotus 
villosus) 
330 79.0 nmd 0  -- -- -- -- 
Sprat  
(Sprattus sprattus) 
8 1.9 2190 18  122 31.4 4204e 513 
Mackerel 
(Scomber 
scombrus) 
-- -- 2050 --  114 29.4 7240 825 
Total  418 
 
 
 130 
 
388   2454 
Supplementation  
 
 
 1000f 
 
   1000g 
Total vitamin D 
intake 
 
 
 
 1130 
 
   3454 
aCalculated from the total amount of fish fed to the whole group of penguins, presuming that every animal ate 
the same amount of each fish species. 
bExamined on original matter by high performance liquid chromatography at LUFA-ITL GmbH, Kiel, Germany. 
cSpecies not known for facility 2. 
dnot measurable, below the detectable threshold of the laboratory of 1000 IU/kg fish. 
enot analysed, value from the literature (Stancheva et al., 2010). 
fAquaminivits, Zoovet Products, West Yorkshire BD21 4NQ, UK, 2 tablets per animal and day, fed individually. 
gMazuri Fish Eater Tablets, Claus GmbH, Friedensau 11, 67117 Limburgerhof, ½ tablet per animal and day, fed 
non-individually. 
 
purified using a preparative HPLC. Thereafter, the vitamin D contents were quantified by 
reverse phase HPLC with UV detection and the results corrected by the recovery rate of the 
internal standards. Vitamin D2 was used as internal standard for the measurement of vitamin D3 
and vice versa. The minimum detectable content of vitamin D3 was 1000 IU/kg. At facility 2, 
no sprat was analysed and  a content of 4204 IU vitamin D provided in the literature was 
assumed for calculation (Stancheva et al., 2010).  
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Study design 
The study was conducted with the permissions of the official governmental animal welfare 
councils (facility 1 permit 35-9185.81/G-15/131, facility 2 permit 84-02.04.2015.A094) 
between January and March and were in accordance to the German Protection of Animal Law. 
The study consisted at both facilities of three phases, each completed with a blood sample. 
Study period (D) was the routine housing, where animals were fed their common diet and 
vitamin D supplementation (Table 1). During the following study period (Baseline)of 28 days 
duration, no vitamin D supplements and UV-light were provided to establish the baseline 
values. Thereafter, during the study period (UVB), still no vitamin D supplements were fed but 
artificial UV-light was additionally provided. At each time of blood sampling, a clinical 
examination including weighing was performed for all animals and the UVB irradiance was 
measured using a solarmeter (Model 6.2 UVB, Solartech, Glenside PA 19038, USA, response 
280-322nm, resolution 1 µW/cm2). UVB irradiance was measured weekly during the study 
period (UVB). 
At facility 1, the routinely fed vitamin D supplements were replaced during the study period 
(Baseline) by products containing vitamin B and E (Vitamin B12, 100 µg/tablet, Revomed 
Gmbh, 38855 Wernigerode, Germany, ½ tablet per animal and day; VITA Vitamin E forte 268 
mg, Ascopharm Gmbh, 38845 Wernigerode, Germany, 1 capsule per animal every 4th day). 
Artificial UV-light was provided during 26 days by installing seven UV-lamps (UV-compact 
26W 10.0, X-Reptile, Winterthur, Switzerland) with reflector shields in the exhibition enclosure 
above the main resting spots of the animals. UVB irradiance was not equally distributed in the 
enclosure, ranging from no detectable in the corner to a maximum under the lamps in the middle 
of the enclosure of 5 µW/cm2 at ground level and 8 µW/cm2 at animal level, which was defined 
as 40 cm above ground. The animals had free access to the pool. During the first seven days, 
the exposure time was continuously extended from one hour to the final 8 to 9 hours to allow 
the animals to get used to the UV-lamps. The final daily radiation dose at animal level varied 
depending on the location from 0 to 260 mJ/cm2.  
At facility 2, no additional supplements were fed during the study period (Baseline). During the 
21 days of the study period (UVB), four opportunistically selected animals (1.3) were separated 
in the quarantine area, where UV-light was provided by four identical UV-lamps measuring a 
constant irradiance of 7.0 µW/cm2 at ground level and 9.0 µW/cm2 at animal level equally 
distributed in the whole area. After continuously prolonging the exposure time during the first 
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seven days, the lamps were switched on 6 hours per day resulting in a radiation dose of 194 
mJ/cm2 at animal level for the subsequent 14 days.  
 
Blood sampling and biochemistry analyses  
The animals were manually restrained in ventral recumbency and blood was taken from the 
dorsal coccygeal vein (V. coccygealis dorsalis) using a 3 ml blood gas analysis syringe (BD A-
LineTM, syringe containing 80 units of heparin, Becton Dickinson GmbH, Heidelberg, 
Germany) with a 21 or 22 G needle.  
Concentrations of iCa were determined immediately on site using a portable analyser iSTAT 
with EG7+ cartridge (Axonlab, 5405 Baden-Daettwil, Switzerland). This technique has already 
been evaluated in chickens (Gallus gallus; Steinmetz et al., 2007). The remaining blood was 
centrifuged, and the plasma sent to the reference laboratory (Vet Med Labor GmbH, Division 
of IDEXX Laboratories, Ludwigsburg, Germany). Plasma concentrations of albumin, tCa and 
total protein were measured using a clinical chemistry system (Beckman Coulter’s AU5800, 
Krefeld, Germany). Plasma concentrations of 25-OH-D were determined on a U-HPLC system 
(Dionex 3000 Rapid Separation LC, Thermo Fisher Scientific, Waltham MA 02451, USA) with 
a diode array detector (detection wavelength 265 nm). This method was found to be reliable to 
detect 25-OH-D in different species such as cattle, pigs, poultry, mink, horse and humans 
(Hymoller and Jensen, 2011). Plasma concentrations of 1,25-(OH)2-D were analysed by 
radioimmunoassay (RIA), a method already used in chickens (Sedrani, 1984; Lietzow et al., 
2012) or African grey parrots (Psittacus e erithacus; Stanford, 2007).  
 
Statistical analyses 
Statistical analysis was performed using the software R 3.3.0 (R Core Team, 2016). Regarding 
the small sample size, descriptive statistics are presented as median (range). The association of 
blood parameters with study (compared to study period (Baseline)), sex and age was evaluated 
using a mixed effect model (R package “nlme”) with individuals as random effect (Pinheiro et 
al., 2016) of the form “lme(outcome~Study+Age+Sex+Study*Sex|Individual)”, where 
outcome was blood concentrations of 25-OH-D, 1,25-(OH)2-D, iCa, tCa, albumin or total 
protein. The study periods (D) and (UVB) were compared using the same model, excluding the 
data of the study period (Baseline). A threshold of p<0.05 was regarded statistically significant. 
Statistical analysis were performed for each facility separately. 
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Results 
Nutrition 
The vitamin D content in fish varied between species and between the facilities, ranging from 
no measurable in capelin to 7340 IU/kg in herring at facility 2 (Table 1). According to the 
composition and average consumption, the diet contained 311 IU vitamin D/kg OM at facility 
1 and 6325 IU vitamin D/kg OM at facility 2, resulting in a vitamin D intake per animal and 
day without supplementation of 130 IU (25.5 IU/kg body weight BW) and 2454 IU (438.2 
IU/kg BW), respectively (Table 1).  
 
Facility 1 
All penguins were healthy on the three clinical examinations during the study. Body weights 
were 4.15 (3.5–5.1) kg at the end of study period (D), 5.85 (5.1–7.8) kg at the end of study 
period (Baseline) and 4.7 (4.1–6.2) kg after the study period (UVB). During the trial period 
(UVB), the animals showed their normal behaviour, often resting at their preferred spots under 
the UV-lamps. The keeper observed them swimming in the pool mainly as usual around midday 
and after the lamps were switched off in the evening. Five and 6 days prior to the third blood 
sampling, additional small rocks were provided in the enclosure and penguins started to build 
nesting sites. 
Nearly one third of the blood values (43/180) were missing due to insufficient blood volume. 
Baseline values were 43 (37–68) nmol/l for 25-OH-D (n =7), 7.1 (5.0–11.8) pg/ml for 1,25-
(OH)2-D (n=7), 1.16 (0.93–1.37) mmol/l for iCa (n=9), 2.6 (2.4–2.7) mmol/l for tCa (n=7), 1.8 
(1.6–2.0) g/dl for albumin (n=7) and 4.6 (4.2–5.2) g/dl for total protein (n=7). Age had no 
significant influence on any of the blood parameters. Significantly higher iCa values were found 
in males than females (p=0.0039). Baseline values of all measured blood parameters split by 
sex are shown in Figure 1.  
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Figure 1: Baseline plasma values of 25-OH-D (A), 1,25-(OH)2-D (B), ionized calcium (C), total calcium (D), 
albumin (E) and total protein (F) in gentoo penguins (Pygoscelis papua) at two different zoological 
facilities (F1 and F2). X-axis split by female (f) and male (m). Significant (p<0.05) sex differences are 
marked by an asterix (*). The box extends between the 1rst and the 3rd quartile with the median as bold 
line, the whiskers represent the values within further 1.5 of interquartile range and dots are more extreme 
values.  
 
In females, the exposure to UV-light raised significantly the blood concentrations of iCa by an 
intra-individual difference of 0.23 (0.13–0.41) mmol/l and tCa 1.8 (1.1–2.5) mmol/l compared 
to the baseline values and tCa 1.40 (0.8–2.0) mmol/l also compared to the study period (D). 
The supplementation of vitamin D elevated the values of albumin 0.2 (0.0–1.1) g/dl and total 
protein 0.6 (0.1–2.7) g/dl in both sexes significantly from the baseline values. No significant 
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influence of the study periods (D) and (UVB) was found for the concentrations of 25-OH-D 
and 1,25-(OH)2-D. For all measured blood parameters, details for the significant results of the 
mixed effect model are shown in Table 2 and for the significant intra-individual differences 
between the different study periods in Figure 2. 
 
Table 2:  Results of the linear mixed effect models with individuals as random effect investigating the effects of 
age, sex and the study periods (Baseline) (no vitamin D supplementation, no UVB-light), (D) (1000 IU 
vitamin D/animal and day, no UVB-light) and (UVB) (no vitamin D supplementation, artificial UVB-
light of 0 to 260 mJ/cm2) on the plasma concentrations of 25-OH-D, 1,25-(OH)2-D, ionized calcium, 
total calcium, albumin and total protein in gentoo penguins (Pygoscelis papua) at two different 
zoological institutions. Only significant results are reported. 
Facility 1 
  Betaa SEb p-Valuec 
Ionized calcium UVB (Reference: Baseline) 0.250 0.060 0.0013 
 Male (Reference: Female) 0.280 0.066 0.0039 
 Male : D -0.282 0.085 0.0063 
 Male : UVB -0.231 0.081 0.0144 
Total calcium UVB (Reference: Baseline) 1.528 0.244 0.0001 
 UVB (Reference: D)  1.233 0.274 0.0109 
 Male : UVB -1.353 0.301 0.0015 
Albumin D (Reference: Baseline) 0.556 0.225 0.0357 
Total protein D (Reference: Baseline) 1.560 0.482 0.0102 
     
Facility 2 
25-OH-D D (Reference: Baseline) 18.875 6.400 0.0113 
Total calcium UVB (Reference: Baseline) 0.182 0.044 0.0013 
 D (Reference: Baseline) 0.113 0.031 0.0027 
 Age 0.018 0.008 0.0483 
Albumin Male (Reference: Female) 0.172 0.059 0.0140 
Total protein D (Reference: Baseline) 0.288 0.113 0.0245 
aProbability of making a type II error in a hypothesis test. 
bStandard Error. 
cCalculated probability. 
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Figure 2: Effect of vitamin D supplementation (1000 IU vitamin D/animal and day, no UVB-light), or UVB-
lightning (no vitamin D supplementation, artificial UVB-light of 0 to 260 mJ/cm2) compared mutually 
and to baseline values in gentoo penguins (Pygoscelis papua) at Facility 1. Plotted are the intra-
individual differences only for the measured blood parameters with significant findings (p<0.05, marked 
with an asterix *): ionized calcium (A), total calcium (B), albumin (C) and total protein (D). Sex affected 
calcium values significantly, but not albumin and total protein. Two females showed nesting behaviour 
at the end of study period (UVB) (a), but in some analyses only one sample was included (b). The box 
extends between the 1rst and the 3rd quartile with the median as bold line, the whiskers represent the 
values within further 1.5 of interquartile range and dots are more extreme values.  
 
Facility 2 
All penguins were healthy on all clinical examinations during the study. Body weights were 5.7 
(4.4–6.9) kg at the end of study period (D), 5.6 (4.3–6.6) kg at the end of study period (Baseline) 
and 5.2 (4.9–5.3) kg for the four separated animals after the study period (UVB).  
At facility two 2.7 % values (5/192) were missing. The baseline values (n=14) were 68.5 (51–
90) nmol/l for 25-OH-D, 13.7 (7.9–24.9) pg/ml for 1,25-(OH)2-D, 1.20 (1.04–1.29) mmol/l for 
iCa, 2.5 (2.4–2.7) mmol/l for tCa, 1.8 (1.6–2.1) g/dl for albumin and 4.9 (4.3–5.7) g/dl for total 
protein. A significant (p=0.014) sex difference was found for albumin with higher values for 
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males than females, and tCa was significantly influenced by the age of the animal (p=0.048). 
Baseline values of all measured blood parameters split by sex are shown in Figure 1.  
The supplementation of vitamin D increased significantly the serum concentrations of 25-OH-
D by an intra-individual difference of 15 (-2–59) nmol/l, tCa 0.1 (0.0–0.3) mmol/l, and total 
protein 0.3 (-0.2–0.6) g/dl compared to the study period (Baseline). Total calcium 0.15 (0.1–
0.2) mmol/l was significantly elevated by the provision of UV-light compared to the baseline 
values. No significant influence of the study periods (D) and (UVB) was found for the 
concentrations of 1,25-(OH)2-D and iCa. For all measured blood parameters, details for the 
significant results of the mixed effect model are shown in Table 2 and for the significant intra-
individual differences between the different study periods in Figure 3. 
 
 
Figure 3: Effect of vitamin D supplementation (1000 IU vitamin D/animal and day, no UVB-light), or UVB-
lightning (no vitamin D supplementation, artificial UVB-light of 194 mJ/cm2) compared mutually and 
to baseline values in gentoo penguins (Pygoscelis papua) at Facility 2. Plotted are the intra-individual 
differences only for the measured blood parameters with significant findings (p<0.05, marked with an 
asterix *): 25-OH-D (A), total calcium (B) and total protein (D). Sex did not affect these parameters 
significantly. The box extends between the 1rst and the 3rd quartile with the median as bold line, the 
whiskers represent the values within further 1.5 of interquartile range and dots are more extreme values.  
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Discussion 
In the presented study, plasma concentrations of 1,25-(OH)2-D at both facilities were not 
influenced by any analysed factor, whereas 25-OH-D increased with the supplementation of 
vitamin D at facility 2. Artificial UV-light elevated serum concentrations of tCa at facility 2, 
and of iCa and tCa for females at facility 1. The differences found in the vitamin D content of 
the diets might have influenced the results.  
The vitamin D content varied greatly between the fish species examined as well as between the 
facilities, resulting in a 19-times higher vitamin D intake per animal and day at facility 2. The 
low average intake at facility 1 resulted mainly due to the diet composition of about 75% capelin 
during the study, and might be underestimated as a content of 0 IU/kg was used for calculation, 
but capelin could contain vitamin D under the threshold of the laboratory. If assuming a content 
of 463 IU/kg as reported by the AZA Nutrition Advisory Group Handbook (Bernard, 1997), 
the vitamin D intake per animal and day at facility 1 would still be nearly 9 times lower than at 
facility 2. Few studies on the vitamin D content of whole fishes exist. It  can be influenced by 
area or time of capture, species, total lipid content, age, gender, stage of life cycle (Bernard, 
1997; Worthy, 2001; Stancheva et al., 2010) as well as by transportation, storage and thawing 
practice. Nevertheless, several studies showed that there were no significant losses of vitamin 
D in different fish species after cooking or freezing up to 9 months (Dobreva et al., 2013; Matilla 
et al., 1999; Sahari et al., 2014). In contrast, the vitamin D content in mackerels and sauries was 
reduced by solar drying (Suzuki et al., 1988). The AZA Nutrition Advisory Group Handbook 
(Bernard, 1997) provides vitamin D contents in herring (2240 IU/kg) and Atlantic mackerel 
(4520 IU/kg) which are in between the measured contents in this study. No studies about the 
vitamin D intake of free-living gentoo penguins exist and analysis of main prey species such as 
lobster krill (Munida gregaria), rock cod (Patogonotothen ramsayi) and squid (Loligo gahi; 
Clausen and Pütz, 2002, 2003) are absent. The AZA Penguin Taxon Advisory Group (Crissey 
et al., 2005) proposed a minimum concentration of 500 IU vitamin D/kg diet DM for adult 
penguins. Assuming an average of 25 % DM of the diet, this calculates to a proposed vitamin 
D content of 125 IU/kg OM, which is far lower than the observed contents in this study.  
The baseline values of tCa and albumin were comparable to the concentrations of free-living 
gentoo penguins (Ghebremeskel et al., 1989), and within the reference ranges provided by ISIS 
(Teare, 2013). No reference values for gentoo penguins exist for iCa. The range of iCa 
concentrations in the current study were similar to slightly lower to the concentrations obtained 
from captive Humboldt penguins housed indoors (Adkesson and Langan, 2007). Baseline 25-
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OH-D values were comparable to the concentrations found in free-living Adélie penguins (P. 
adeliae; Griffiths and Fairney, 1988), but about ten times higher than values reported for 
clinically healthy Humboldt penguins (Adkesson and Langan, 2007), and also higher than in 
healthy marabou storks (Leptoptilos crumeniferus; Schaftenaar and van Leeuwen, 2015) or 
thick-billed parrots (Rhynchopsitta pachyrhyncha; Howard et al., 2004). In contrast, baseline 
concentrations of 1,25-(OH)2-D found in this study were about 4 to 6 times lower than in 
growing white Leghorn chicks (Sedrani, 1984) or in marabou stork fledglings (Schaftenaar and 
van Leeuwen, 2015). No values are reported in the order Sphenisciformes. As whole fishes 
contain adequate levels of calcium, there might be a lower need of this most active vitamin D 
metabolite for the up-regulation of the calcium metabolism in penguins. The concentrations of 
both vitamin D metabolites measured at facility 2 were higher than at facility 1. The most likely 
explanation for these findings is the vitamin D content of the diet. As the synthesis of 25-OH-
D is rarely regulated, its blood concentrations correlate well with dietary vitamin D intake 
(Stanford, 2007). This has also been shown in different studies in poultry (Lietzow et al., 2012; 
Tsang and Grunder, 1993; Jiang et al., 2015). In contrast, an increase of 1,25-(OH)2-D, which 
has a slow and well-regulated synthesis, could only be observed in white Leghorn hens when 
supplementing 1100 IU vitamin D/kg (27.5 µg/kg) to a vitamin D free diet, whereas doubling 
the vitamin D supplementation didn’t further increase the plasma concentrations (Tsang and 
Grunder, 1993). At the beginning of the present study, vitamin D was supplemented routinely 
at both facilities. Ceasing this supplementation would therefore expect to decrease the values 
of the vitamin D metabolites. Nevertheless, values of 1,25-(OH)2-D at both facilities were not 
influenced significantly, and a decrease in 25-OH-D and subsequent fall in tCa could only be 
observed at facility 2. As vitamin D is fat-soluble, it can be stored in the fat tissue and be 
mobilized slowly (Stanford, 2006b). Penguins with higher body fat portion might have a higher 
vitamin D storage capacity. The blubber in free-living Adélie penguins pre-moulting or arriving 
for breeding was 10 to 17mm thick (Johnson and West, 1973; Markert and Sladen, 1966). In 
marine mammals, higher vitamin D contents in the blubber were found in primarily piscivorous 
species such as the ringed seals (Phoca hispida) compared to species feeding on invertebrates 
such as the bowhead whale (Balaena mysticetus; Kenny et al., 2004). This storage capacity 
could also lead to a resistance to vitamin D intoxication in animals naturally feeding on a diet 
rich in vitamin D, as hypothesised in hooded seals (Cystophora cristata; Keiver et al., 1988). 
Studies in hens showed that it takes 2 to 7 weeks to deplete body vitamin D stores and become 
dependent on the dietary vitamin D content (Atencio et al., 2005; National Research Council 
USA, 1987; Tsang and Grunder, 1993). It is therefore questionable if four weeks without 
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supplementation in this study were long enough to deplete the body stores in gentoo penguins. 
It can be hypothesized, that 25-OH-D plasma concentrations of the study period (D) at facility 
2 were above the physiological range and therefore decreased after the reduction of the dietary 
vitamin D intake from 3454 IU/animal to 2454 IU/animal, whereas at facility 1 the plasma 
concentrations remained nearly constant through the use of vitamin D storages in fat tissues.  
The provision of UV-light in this study did not have any significant influence on the measured 
vitamin D metabolites at both facilities, even though birds are able to synthesize vitamin D3 in 
an endogenous, UVB-light dependent reaction. Two explanations are likely: 1) the UVB 
irradiances were not sufficient for vitamin D photoconversion, or 2) the vitamin D requirements 
were already satisfied through the diet. In budgerigars, a threshold dose of 113–225 mJ/cm2 
was determined (Lupu and Robins, 2013). No specific information exists about the ability of 
endogenous vitamin D3 synthesis and required UVB threshold dose for penguins. The dense 
feathers as an adaptation to the cold weather conditions and  the low average UVB radiation in 
their natural habitat (Beckmann et al., 2014) might lead to a low dependency on endogenous 
vitamin D3 production. In free-living Adélie and chinstrap (P. antarctica) penguins no 
significant increase in 25-OH-D concentrations due to the longer exposure to sunlight during 
the nesting season was observed (Griffiths and Fairney, 1988). It is hypothesised that some 
marine species rely in nature mainly on vitamin D ingestion (Kenny et al., 2004). Nevertheless, 
at facility 1, plasma concentrations of 25-OH-D increased continuously from the study period 
(Baseline) to the study periods (D) and (UVB), with intra- individual differences of 6 (-8–18) 
nmol/l and 10 (-11–58) nmol/l, respectively, presuming that gentoo penguins are able to 
endogenously synthesis vitamin D and the UVB dose was sufficient for this reaction. In 
contrast, 25-OH-D increased only slightly with the provision of UV-light at facility 2, 
remaining well below the values of the study period (D). These findings further support the 
assumption that 25-OH-D concentrations of the study period (D) at facility 2 were higher than 
the physiological values. The provision of UV-light increased values of tCa at facility 2, and of 
iCa and tCa but only for females at facility 1. The latter might also have been influenced by the 
beginning of the nesting season. Contact to direct sunlight or the provision of UV-light 
increased iCa concentrations also in other bird species such as Humboldt penguins (Adkesson 
and Langan, 2007), African spoonbills (Platalea alba; Woodhouse and Rick, 2016) or African 
grey parrots (Stanford, 2006b). In the latter, tCa also increased significantly as 25-OH-D did, 
but only if fed a diet containing no vitamin D, whereas no increase was observed if fed a diet 
containing 1650 IU D/kg.  
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During the last experimental period (UVB), at facility 1, two females (33128 and 34421) 
showed behaviour that could be related to eggs layed 29 and 40 days later, respectively. They 
also showed high tCa values, which raises the question if these values were due to the provision 
of UV-light or mainly due to the onset of the breeding season. 
 
Conclusion 
The findings in this study showed that special care should be taken when supplementing 
piscivorous animals with vitamin D, as its contents in feeding-fishes can vary considerably. 
Even though sample size was low and time of study short, a requirement of dietary vitamin D 
for gentoo penguins kept indoors between 1130 IU and 3454 IU per animal and day is likely. 
The vitamin D content of the diet also influenced the impact of the provision of UV-light. 
Gentoo penguins might not relay on endogenous vitamin D synthesis and therefore UVB 
radiation, if the fish diet contains enough vitamin D. A constant radiation dose of 194 mJ/cm2 
over a period of two weeks was safe. 
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(Gemischtpraxis), Kleindietwil, Schweiz 
Mai 2008 – Okt 2008 Assistenztierärztin in der Tierklinik am Kreis 
(Gemischtpraxis), Netstal, Schweiz 
Dez 2008 – Feb 2014 Assistenztierärztin in der Tierklinik Nesslau (Kleintiere), 
Nesslau, Schweiz 
März 2014 – Feb 2015 Assistenztierärztin in der Solovet Tierärzte AG (Kleintiere), 
Egerkingen, Schweiz 
Mai 2015 – heute Assistenztierärztin in der Tierarztpraxis Salm (Schwerpunkt 
Kleintiere), Langenthal, Schweiz 
 
